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Abstract: We have studied the proton-capture reaction 3H(p,)4He. It plays a role in the 
nucleosynthesis of primordial elements in the early Universe leading to the pre-stellar formation of 4He 
nuclei. All results of our researches and more new data from works show that the contribution of the 
3H(p,γ)4He capture reaction into the processes of primordial nucleosynthesis is relatively small. However, 
it makes sense to consider this process for making the picture complete of the formation of prestellar 4He 
and clearing of mechanisms of this reaction. Furthermore, we have considered the 3He(2H,γ)5Li reaction in 
the low energy range in the modified potential cluster model with splitting of orbital states according to 
Young tableaux and, in some cases, with forbidden states. These reaction also form part of the 
nucleosynthesis chain of the processes occurring in the early stages of formation of stable stars, and are 
possible candidates for overcoming the well-known problem of the А = 5 gap in the synthesis of light 
elements in the primordial Universe. Continuing study we have considered the radiative capture 
4He(3He, )7Be at superlow energies, which has a undeniable interest for nuclear astrophysics, since it 
takes part in the proton-proton fusion chain, and new experimental data on the astrophysical S-factors of 
this process at energies down to 90 keV and 23 keV and data on the radiative capture reaction 
4He(3H,)7Li down to 50 keV appeared recently. Moreover, radiative capture reactions 4He(3He,)7Be and 
4He(2H,)6Li may have played a certain role in prestellar nucleosynthesis after the Big Bang, when the 
temperature of the Universe decreased to the value of 0.3 T9. 
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1. Introduction 
 
This review is the logical continuation of our works devoted to the radiative captures on 
light nuclei that were published in Refs. 1–5. 
 
1.1. Astrophysical aspects of the review 
 
As we know, light radioactive nuclei play an important role in many astrophysical 
environments. In addition, such parameter as cross section of the capture reactions as a 
function of energy and reaction rates are very important for investigation of many 
astrophysical problems such as primordial nucleosynthesis of the Universe, main trends 
of stellar evolution, novae and super-novae explosions, X-ray bursts etc. The continued 
interest in the study of processes of radiative neutron capture on light nuclei at thermal 
(> 10 meV) and astrophysical (> 1 keV) energies is caused by several reasons. Firstly, 
this process plays a significant part in the study of many fundamental properties of 
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nuclear reactions, and secondly, the data on the capture cross sections are widely used 
in a various applications of nuclear physics and nuclear astrophysics, for example, in 
the process of studying of the primordial nucleosynthesis reactions. 
The proton capture on 3H reaction is of interest from both theoretical and 
experimental points of view for understanding the dynamics of photonuclear processes 
involving the lightest atomic nuclei at low and ultralow, i.e., astrophysical energies.6 It 
also plays a role in the nucleosynthesis of primordial elements in the early Universe6–8 
leading to the pre-stellar formation of 4He nuclei. Therefore, experimental studies of this 
reaction continue. New data for the total cross section of proton radiative capture on 3H 
and the astrophysical S-factor in the energy range from 50 keV to 5 MeV Ref. 9 and at 12 
and 39 keV Ref. 10 in the center of mass system (c.m.) have been obtained. These data 
will be used by us for further comparison with the calculation results. In addition, we 
ought to note other experimental studies of the photodisintegration of 4He carried 
out, for example, in Ref. 11. Also, interesting theoretical results for 
photodisintegration of this nucleus into the p3H channel were published in Ref. 12, 
including ab initio studies (see, for example, Ref. 13). 
Upon cooling to a temperature of 0.8 MeV, the processes of the primordial 
nucleosynthesis became possible14,15 with the formation of stable 2Н, 3Не and 4Не nuclei and, 
also stable in the first minutes of the Universe, 3Н nucleus. These reactions are shown in 
Table 1 – the processes of the radiative capture are marked by italic. In table also the data of 
the S-factors and total cross sections at low energies in the energy range 10 – 20 keV were 
given with references to original works with these results. Table 1 shows that only one of 
these reactions, No.4, results in energy absorption 0<Q. All of the others lead to energy 
release Q>0. Some inverse nuclear reactions, for example, photodisintegration of 3,4Не and 
2,3Н by gamma-quantum cannot occur because of their extremely low energies at which 
weak processes cannot keep the balance.15 Therefore the constant synthesis of stable nuclei 
without their further disintegration to lighter nuclei becomes possible. 
This was the situation when the Universe was about 100 sec old and the number of 
protons and neutrons was comparable – approximately 0.2 neutrons to each proton. The 
epoch of primordial nucleosynthesis finished at approximately 200 sec14 by which time 
practically all neutrons are bound into 4He nuclei and the number of 4He is about 25% 
of the number of 1H nuclei. At that point the content of 2H and 3He relative to 1H was 
about 10-4–10-6.6–8,15,16 
Thus 4Не was the last nucleus to emerge at the initial stage of nucleosynthesis 
because heavier nuclei such as C and O could only be synthesized in the process of 
nuclear reactions in stars. The reason for this is the existence of some an instability gap 
for light nuclei (A = 5), which, apparently, cannot be bridged in the process of initial 
nucleosynthesis. In principle, 4Не could have given rise to heavier nuclei (A = 7) in the 
4Не + 3Н → 7Li + γ and 4Не + 3Нe → 7Be + γ reactions. However the Coulomb barrier 
for these reactions is about 1 MeV while the kinetic energy of the nuclei at temperatures 
of ~ 1 Т9 is of the order of 0.1 MeV and probability of such reactions will be negligible.
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The mechanism of synthesis of 4Не explains its abundance in the Universe confirms its 
origin at the pre-stellar stage and corroborates the Big Bang theory. 
It is important to estimate the S-factors of reactions 1–14. For example, as will be 
seen further, the astrophysical S-factor of proton capture on 2H at an energy of 1 keV is 
in 5–10 times lower than the S-factor of the proton capture on 3H at the same energy.20 
This means that the latter process, which contributes to the formation of 4He in 
primordial nucleosynthesis, is much more likely, in spite of the lower abundance of 3H 
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relative to 2H.14,15,32 Most data available in the literature6–9,17,20 relate to the abundance 
of elements such as 3Не at present time. This is generally confirmed by modern 
astrophysical observations.14,32 However, the abundance of 3H for the first 100–200 s 
after the Big Bang cannot be much smaller than that of 2H since the neutron capture 
reaction, in spite of the reduction of neutron numbers down to 0.2 of the proton 
numbers, can go on deuteron at any energy. In addition, the half-life of 3H is 4500(8) 
days33 and do not make a real contribution to the decrease of the number of 3H at the 
first few minutes after the Big Bang. 
 
Table 1. Basic reaction of the primordial nucleosynthesis with light nuclei.16 
No. Process 
Released 
energy 
in MeV 
Astrophysical S-
factor in keV b at 
10 – 20 keV in center 
of mass – the accurate 
energy is stated in 
square brackets 
The total cross section 
t in b for the given 
energy in square 
brackets 
Reference 
1. p+n → 2H+ 2.225 3.18(25)10-3 [10.0] 3.18(25)102 [10.0] Ref. 18 
2. 2H+p → 3He+ 5.494 3.0(6)10-4 [10.4] 1.0(2)10-2 [10.4] Ref. 19 
3. 2H+n → 3H+ 6.257 1.210-5 [10.5]* 1.1 [10.5]* Ref. 20 
4. 3Н+p → 3He+n 
–0.763 
(see 
Ref. 21) 
2536 [12]*** 
81537 [roughly at 
12 keV above the 
threshold or 
1.03354 MeV in l.s.] 
Ref. 22 
5. 3Нe+n → 3H+p 0.764 63.2 [10.3] 6.14(16) 106 [10.3] Ref. 23 
6. 3H+p → 4He+ 19.814 2.210-3 [10.0] 4.010-2 [10.0] Ref. 10 
7. 3Нe+n → 4Hе+ 20.578 1.710-4 [18.4] 9.2(2.0) [18.4] Ref. 24 
51.4(2.0) [9.94] 241.3(9.4) [9.94]** Ref. 25 
8. 2H+2H → 3He+n 3.269 
53.05(0.55) [10.0]*** 255.1(2.9) [10.0] Ref. 26 
9. 2H+2H → 3H+p 4.033 56.1(1.6) [9.97] 270.4(7.6) [9.97] Ref. 27 
10. 2H+3Hе→4He+p 18.353 7480(200) [10.7] 0.5(1) [10.7]** Ref. 28 
11. 2H+3H→4He+n 17.589 12328.4 [9]*** 14200 [9] Ref. 29 
12. 2H+2H→4He+ 23.847 5.7(2.4)10-6 [10.0] 2.9(1.2)10-5 [10.0] Ref. 30 
13. 2H+3Hе→5Li+ 16.66 0.41 [111]*** 5.3 [111] Ref. 31 
14. 2H+3H→5He+ 16.792 0.17 [90]*** 50 [90] Ref. 31 
* - theoretical value calculated on the basis of the Modified Potential Cluster Model 
** - the value calculated on the basis of the S-factor 
*** - the value calculated on the basis of the total cross section 
 
The quantity of tritium, additionally to process No.3, also increases due to reactions 
No.5 and No.9, but can decrease due to processes No.6 and 11. At energies lower than 
0.8 MeV reaction No.4 makes virtually no contribution to reductions in tritium. 
Meanwhile, the total cross section of reaction No.11 is about 14.2 mb at 9 keV Ref. 29 
and of the reaction No.6 is about 410-2 b at 10 keV Ref. 10 show their small relative 
contributions to the formation of 4He. However the number of deuterons available for 
reaction No.11 is approximately 4–5 orders of magnitude less than the number of protons 
taking part in reaction No.6. Therefore the overall contribution of the two reactions in 
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pre-stellar formation of 4He will be similar.  
Reaction No.12 proceeds with comparatively low probability, since the E1 process is 
forbidden by the isospin selection rules. This leads to the factor  JJJ mZmZ 2211 /)1(/   at 
multipolarity of -quantum of J = 1.20 This product defines the value of the total cross 
sections of the radiative capture and E1 processes with the same Z/m ratio, for particles of 
the initial channel leads to zero cross sections. The probability of the allowed E2 transitions 
in such processes is usually nearly 1.5 to 2.0 orders of magnitude less34 that was noted earlier 
in reviews.14,15 This fact well demonstrates cross section’s data for reaction No.12 from 
Table 1, the value of which is lowest. For two last reactions No.13, 14 we cannot find 
experimental data at lower energies. 
Let us show furthermore the reaction rates given in Ref. 35 in the form of 
parametrizations. Shape of these rates for first reactions, leading to the formation of 
4He or nuclei with mass of 3, is shown in Fig. 1. One can see that considered reaction 
is at the third level for rate of forming 4He and its rate in some times lower, for 
example, that the reaction rates of 3H(d,n)4He or 3He(d,p)4He. However, at the energy 
about 10 T6 the rate of the last reaction equals the reaction rate of the proton radiative 
capture on 3H. 
All these results and more new data from Refs. 36,37 show that the contribution of 
the 3H(p,γ)4He capture reaction into the processes of primordial nucleosynthesis is 
relatively small. However, it makes sense to consider this process for making the picture 
complete of the formation of prestellar 4He and clearing of mechanisms of this reaction. In 
addition, as it was shown furthermore, our calculations of this reaction rate, based on the 
modern data of the astrophysical S-factors,10 lays slightly lower from the results of 
works.35,38–40 The latest works do not take into account new data,9,10 which were taken into 
account by us in this work, and our results can be considered as an improved data on the 
rate of the considered reaction. 
Moreover it should be noted that our understanding of the different stages in the 
formation of the Universe, of the processes of nucleosynthesis occurring in it and of the 
properties of new stars, is still developing. Therefore there is a pressing need to acquire 
new information on primordial nucleosynthesis and on the mechanisms of the Universe’s 
formation and this is one of the main tasks for the construction of a unified cosmological 
model. All of this directly applies to the detailed study of the p3H capture reaction in the 
astrophysical energy region on the basis of the modern nuclear model. This model, as 
shown below, has already demonstrated its efficiency in the description of the 
characteristics of almost 30 such reactions.4,20,41–45 
Continuing study of thermonuclear reactions in the frame of the modified potential 
cluster model (MPCM) with forbidden states (FSs) let us consider the radiative capture 
4He(3He, )7Be at superlow energies has a undeniable interest for nuclear astrophysics, 
since it takes part in the proton-proton fusion chain, and new experimental data on the 
astrophysical S-factors of this process at energies down to 90 keV and 23 keV and data 
on the radiative capture reaction 4He(3H, )7Li down to 50 keV appeared recently. The 
proton-proton chain may be completed by the following process with a probability of 
86%:46 
 
 3He + 3He  4He + 2p  
 
or the reaction, considered here, involving the prestellar 4He, (see, for example, Ref. 8) 
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 3He + 4He  7Be +  
 
the probability of which is 14%.46 Moreover, radiative capture reactions 4He(3He, )7Be and 
4He(2H, )6Li may have played a certain role in prestellar nucleosynthesis after the Big Bang, 
when the temperature of the Universe decreased to the value of 0.3 T9 Ref. 47 (T9 = 10
9 K). 
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Fig. 1. Reaction rates from Refs. 16,35. 
 
1.2. Nuclear aspects of the review 
 
One extremely successful line of development of nuclear physics in the last 50-60 
years has been the microscopic model known as the Resonating Group Method (RGM, 
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see, for example, Refs. 48–52). And the associated with it models, for example, 
Generator Coordinate Method (see, particularly, Refs. 52,53) or algebraic version of 
RGM Refs. 54,55. However, the rather difficult RGM calculations are not the only 
way in which to explain the available experimental facts. But, the possibilities offered 
by a simple two-body potential cluster model (PCM) have not been studied fully up to 
now, particularly if it uses the concept of FSs.56 The potentials of this model for 
discrete spectrum are constructed in order to correctly reproduce the main 
characteristics of the BSs of light nuclei in cluster channels, and in the continuous 
spectrum they directly take into account the resonance behavior of the elastic 
scattering phase shifts of the interactive particles at low energies.57,58 It is enough to 
use the simple PCM with FSs taking into account the described methods of 
construction of potentials and classification of the orbital states according to Young 
tableaux for consideration many problems of nuclear physics of low energy and 
nuclear astrophysics. Such a model can be called a modified PCM. In many cases, 
such an approach, as has been shown previously, allows one to obtain adequate results 
in the description of many experimental studies for the total cross sections of the 
thermonuclear reactions at low and astrophysical energies.56–58 
Therefore, in continuing to study the processes of radiative capture,57,58 we will 
consider the p+3H4He+, 2H3He  5Li, 2H4He  6Li, 3H4He  7Li, 
3He4He  7Be reactions within the framework of the MPCM at astrophysical and low 
energies. The resonance behavior of the elastic scattering phase shifts of the interacting 
particles at low energies will be taken into account. In addition, the classification of the 
orbital states of the clusters according to the Young tableaux allows one to clarify the 
number of FSs and allowed states (ASs), i.e., the number of nodes of the wave function 
(WF) of the relative motion of the cluster.  
Furthermore, let us consider the 3He(2H,γ)5Li reaction in the low energy range in the 
modified potential cluster model (MPCM) with splitting of orbital states according to 
Young tableaux and, in some cases, with FSs. Our interest in the radiative capture reactions 
in the isobar-analogue channels 3H(2H,γ)5He and 3He(2H,γ)5Li is due to following two 
main reasons. New data may be found in Ref. 59 in relation to the diagnostics of the 
nuclear fusion efficiencies of 3H(2H,n)4He and 3He(2H,p)4He reactions, used for study of 
Tokamak plasmas in experiments on JET and ITER. These reactions also form part of the 
nucleosynthesis chain of the processes occurring in the early stages of formation of stable 
stars, and are possible candidates for overcoming the well-known problem of the А = 5 gap 
in the synthesis of light elements in the primordial Universe.6 
The present paper reports on the treatment of the 3He(2H,γ)5Li reaction, which has 
been insufficiently studied. Nearly all of the scarce theoretical models of this channel are 
based on data from a single experimental study by Buss, carried out in 1968 Ref. 31 on the 
total cross section of the deuteron radiative capture on 3He in the deuteron energy range 
200–1400 keV. The most complete nuclear database is EXFOR,60 and the known open-
access databases of nuclear characteristics, PHYSICS, CDFE, NASA DATA (see, for 
example, Refs. 61,62) contain only the same data. There are also no consistent and detailed 
studies of the 3He(2H,γ)5Li reaction which include the dynamic and statistical characteristics 
of the continuous and bound states of the 2H3Hе cluster system. 
However, we have successfully used the MPCM based on the inclusion of the Pauli 
forbidden states with a corresponding classification according to Young tableaux.5,20,41,43,44,63 
This model is much more simple and transparent than the microscopic resonating group 
method (RGM).64,65 MPCM enables consistent numerical results to be obtained for the 
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majority of the total cross-sections of the radiative capture reactions and rates at 
astrophysical and thermonuclear energies for the more than 30 processes treated in 
Refs. 5,20,41,43,44,57,63, as well as binding energies and low-lying excited spectra, root 
mean square charge and mass radii, and asymptotic normalizing coefficients (ANC) in 
cluster channels.  
Here we present new calculated data for the root mean square radii and ANC for 5Li 
in the 2H3He channel. The total cross section of the deuteron radiative capture on 3He to 
the ground state (GS) of 5Li for the dipole Е1 and М1 transitions both in doublet and quartet 
spin channels have also been calculated. For the obtained astrophysical S-factor and reaction 
rate the analytical parametrizations were found as functions of E and T9 respectively. 
 
2. Model and calculation methods 
 
The nuclear part of the intercluster interaction potential, which depends on set of 
quantum numbers JLS, for carrying out calculations of photonuclear processes in the 
considered cluster systems, has the form: 
 
 VJLS{f}(R) = V0(JLS{f})exp[–(JLS{f})R
2] + V1(JLS{f})exp[–(JLS{f})R], (2) 
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with Coulomb term of the potential of spherical or point-like form. 
The potential is constructed completely unambiguously with the given number of 
BSs and with the analysis of the resonance scattering when in the considered partial 
wave at energies up to 1 MeV where there is a rather narrow resonance with a width 
of about 10–50 keV. Its depth is unambiguously fixed according to the resonance 
energy of the level at the given number of BS, and the width is absolutely determined 
by the width of such resonance. The error of its parameters does not usually exceed 
the error of the width determination at this level and equals 3–5%. Furthermore, it 
concerns the construction of the partial potential according to the phase shifts and 
determination of its parameters according to the resonance in the nuclear spectrum. 
Consequently, all potentials do not have ambiguities and allow correct description 
of total cross sections of the radiative capture processes, without involvement of the 
additional quantity – spectroscopic factor Sf.
66 It is not required to introduce additional 
factor Sf under consideration of capture reaction in the frame of PCM for potentials that 
are matched, in continuous spectrum, with characteristics of scattering processes that take 
into account resonance shape of phase shifts, and in the discrete spectrum, describing the 
basic characteristics of nucleus BS.  
All effects that are present in the reaction, usually expressed in certain factors 
and coefficients, are taken into account at the construction of the interaction 
potentials. It could be possible, exactly because they are constructed and take into 
account FS structure. On the basis of description of observed, i.e., experimental 
characteristics of interacting clusters in the initial channel and formed, in the final 
state, a certain nucleus that has a cluster structure consisting of initial particles. In 
other words, the presence of Sf, is apparently taken into account in the BS WFs of 
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clusters, determining the basis of such potentials due to solving the Schrödinger 
equation.67 
The AC for any GS potential was calculated using the asymptotics of the WF 
having a form of exact Whittaker function68 
 
  L 0 w ηL 1/2 0χ ( ) 2 2r k C W k r  , (3) 
 
where L(r) is the numerical WF of the BS, obtained from the solution of the radial 
Schrödinger equation and normalized to unity, the value W-L+1/2 is the Whittaker function of 
the BS, determining the asymptotic behavior of the WF, which is the solution of the same 
equation without the nuclear potential. k0 is the wave number, caused by the channel binding 
energy E: E
m
k
2
0
0 2 
 ;  is the Coulomb parameter 
k
eZZ
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2
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
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numerically 
k
ZZ 2121044476.3

   and L is the orbital angular momentum of the BS. 
Here μ is the reduced mass, and the constant ћ2/m0 is assumed to be 41.4686 fm
2, where m0 is 
the atomic mass unit (amu). The magnetic moment of neutron equals μ = -1.91304272µ0, 
and 1.653560µ0 for 
8Li,69 where µ0 is the nuclear magneton. Slightly transformed 
expressions20 of Refs. 70,71 were used for total cross sections of the electromagnetic 
transitions. 
Data on the spectroscopic factor S of the GS and the asymptotic normalization 
coefficients ANC (ANC) are given, for example, in Ref. 72. Here we also use the relationship 
 
 22 CSANC  , (4) 
 
where C is the asymptotic constant in fm-1/2, which is related to the dimensionless AC 
CW,
68 used by us in the following way: WCkC 02 . 
The total radiative capture cross sections (NJ,Jf) for the ЕJ and МJ transitions in 
the case of the PCM are given, for example, in Ref. 66 or Refs. 57,58,73,74 are written 
as: 
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where  – total radiative capture cross section;  – reduced mass of initial channel 
particles; q – wave number in initial channel; S1, S2 – spins of particles in initial channel; 
K, J – wave number and momentum of -quantum in final channel; N – is the Е or М 
transitions of the J multipole ordered from the initial Ji to the final Jf nucleus state. 
The value РJ for electric orbital ЕJ(L) transitions has the form Refs. 57,58 
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Here, Si, Sf, Lf, Li, Jf, and Ji – total spins, angular and total moments in initial (i) and final 
(f) channels; m1, m2, Z1, Z2 – masses and charges of the particles in initial channel; IJ –
integral over WFs of initial i and final f states, as functions of cluster relative motion of 
n and 10B particles with intercluster distance R. 
For consideration of the М1(S) magnetic transition, caused by the spin part of magnetic 
operator,34 it is possible to obtain an expression57,58 using the following Ref. 75: 
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Here, m is the mass of the nucleus, and 1 and 2 are the magnetic moments of the 
clusters, the values of which are taken from Refs. 76,77. 
The construction methods used here for intercluster partial potentials at the given 
orbital moment L, are expanded in Refs. 57,58,78 and here we will not discuss them 
further. The next values of particle masses are used in the given calculations: 
mp = 1.00727646577 amu,
79 m(2H) = 2.014102 amu,80 m(3H) = 3.016049 amu,81 
m(3He) = 3.016029 amu,82 m(4He) = 4.002603 amu,83 m(6Li) = 6.015123 amu,84 
m(7Li) = 7.016005 amu,85 m(7Be) = 7.016930 amu,86 and constant ħ2/m0 is equal to 
41.4686 MeV fm2. 
 
3. Capture reaction 3H(p, )4He 
 
3.1. Classification of p3H states according to Young tableaux 
 
The preliminary studying of the radiative capture reaction 3H(p, )4He was published by us 
in Ref. 16. It is known Ref. 87 that states with minimal spin in scattering processes in 
the certain lightest atomic nuclei are mixed with respect to orbital Young tableaux, for 
example, the singlet state of р3Н system is mixed according to tableaux {4} and 
{31}.16,88 At the same time, this state in the bound form, for example, singlet p3H 
channel of 4He is the pure state with Young tableau {4}.88 In this case we can 
suppose87 that BSs and scattering potentials for N3Н (N3He) states will be different 
because of the difference of their Young tableaux. Thus, the explicit dependence of 
the potential parameters at the given moments L, S and J from Young tableaux {f} is 
permitted in this case. 
Now, let’s give the classification of states, for example, of N3Н (N3He) systems 
according to orbital and spin-isospin Young tableaux and demonstrate how to obtain these 
results. In the general case, the possible orbital Young tableau {f} of some nucleus A({f}) 
consisting of two parts А1({f1}) + А2({f2}) is the direct outer product of orbital Young 
tableaux of these parts {f}L = {f1}L  {f2}L and is determined by the Littlewood 
theorem.87,88 Therefore, the possible orbital Young tableaux of the N3Н (N3He) systems, in 
which tableau {3} is used for 3Н (3He), are the symmetries {4}L and {31}L. 
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Spin-isospin tableaux are the direct inner product of spin and isospin Young 
tableaux of the nucleus of A nucleons {f}ST = {f}S  {f}T and for the system with the 
number of particles not larger than eight are given in Ref. 89. For any of these moments 
(spin and isospin), the corresponding tableau of the nucleus consisting of A nucleons 
each of which has an angular moment equals 1/2 is constructed as follows: in the cells 
of the first row the number of nucleons with the moments pointing in one direction, for 
example, upward, is indicated. In cells of the second row, if it is required, the number 
of nucleons with the moments directed in the opposite direction, for example, 
downward, is indicated. The total number of cells in both rows is equal to the number 
of nucleons in the nucleus. Moments of nucleons in the first row which have a pair in 
the second row with the oppositely directed moment are compensated and have, 
therefore, a zero total moment. The sum of moments of nucleons of the first row, which 
are not compensated by moments of nucleons of the second one, gives the total moment 
of the whole system.90 
In this case for N 3Н (N 3Не) cluster systems at the isospin Т = 0 and the spin S = 0, 
we have tableau {22}S or {22}Т; and for S or Т = 1, the Young tableau has the form {31}S 
or {31}T. Upon construction of the spin-isospin Young tableau for the triplet spin state of 
N 3Н (N 3Не) systems with Т = 1, we have {31}S  {31}T = {4}ST + {31}ST + {22}ST + 
{211}ST, and for the singlet spin state with Т = 0, we have {22}S  {22}T = 
{4}ST + {22}ST + {1111}ST.
89 
The total Young tableau of the nucleus is determined in a similar way as the 
direct inner product of the orbital and spin-isospin tableau {f} = {f}L  {f}ST.
87 The 
total wave function of the system in the case of antisymmetrization does not 
identically vanish only if it does not contain the antisymmetric component {1N}, that 
is realized upon multiplication of conjugated {f}L and {f}ST. Therefore, the tableaux 
{f}L conjugated to {f}ST are allowed in this channel and all other symmetries are 
forbidden, since they result to zero total wave function of the system of particles after 
its antisymmetrization. 
Thus, for p3H system in the triplet channel, independently from the T values, only 
the orbital wave function with the symmetry {31}L is allowed and the function with {4}L 
turns out to be forbidden, since the products {211}ST  {4}L or {31}ST  {4}L do not 
result in an antisymmetric component of the total wave function. At the same time, in the 
singlet channel for Т = 0, we have {1111}ST  {4}L = {1111},
89 and we obtain the 
antisymmetric tableau. At this channel with Т = 1 we have the product {211}ST  {31}L 
that also gives the antisymmetric component {1111} for total wave function. Just that 
very case when one can conclude that the singlet spin state for р3Н and n3Не systems 
turns out mixed according to Young orbital tableaux each of which relates to different 
isospin values. 
In other words, p3H system is mixed with respect to isospin, since it has the 
projection Тz = 0, and the following values of the total isospin are possible: Т = 0 and 
1. Hence, in this system both triplet and singlet phase shifts and, therefore, potentials 
effectively depend on two isospin values. Mixing with respect to isospin leads to 
mixing according to Young tableaux. As it was shown above, in the singlet spin state 
two orbital Young tableaux – {31} and {4} – are allowed.91 Then it was shown in 
Ref. 16,88,91 that singlet phase shifts of the p3H scattering mixed with respect to 
isospin can be represented in the form of the half-sum of pure with respect to isospin 
singlet phase shifts 
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 {T=1}+{T=0} = 1/2[{T=1} + {T=0}], (8) 
 
this is equivalent to the following expression for the scattering phase shifts in terms of 
Young tableaux 
 
 {4}+{31} = 1/2[{31} + {4}]. (9) 
 
Pure phase shifts with Young tableau {31} correspond to Т = 1, and phase shifts 
with {4} to isospin Т = 0. In this approach we assume that pure phase shifts with isospin 
Т = 1 in p3H system can be matched to phase shifts with Т = 1 for p3He channel.88,91 
Therefore p3He system at Тz = 1 is pure by isospin with Т = 1, so the pure by isospin 
phase shifts of p3H scattering with Т = 0 are extracted from expression (8) on the basis of 
the known pure scattering phase shifts with Т = 1 for p3He system92–97 and for mixed p3H 
with isospin with Т = 0 and 1.98–100 Furthermore, the corresponded pure potentials of p3H 
interaction are constructed on their basis, for example, for the GS of 4He in p3H 
channel.88,91 
 
3.2 Potentials for p3H and p3He systems 
 
For calculations of the photonuclear processes in the system considered the nuclear part 
of the intercluster potential of p3He interactions for each partial wave can be expressed in 
form (2) with a point-like Coulomb term. This potential, as for that of the p2H system,20,42 
is constructed so as to correctly describe the corresponding partial phase shift of the p3He 
elastic scattering.91,101 
Consequently the pure (with respect to isospin T = 1) potentials of p3He interactions for 
the elastic scattering processes were obtained, and their parameters are listed in (10) and (11) 
Refs. 41,88. The singlet potentials of the form given in expression (2) for the p3He 
scattering, pure with respect to isospin T = 1:41,88 
 
 р3Нe System 
 1S wave  –  V0 = -110.0 MeV,   = 0.37 fm
-2,  V1 = +45.0 MeV,   = 0.67 fm
-1, (10) 
 1P wave  –  V0 = -15.0 MeV,    = 0.1 fm
-2. (11) 
 
Note that this singlet and pure (with respect to isospin) S phase shift of the p3He 
elastic scattering is used further for calculation of the singlet p3H phase shifts with the 
isospin T = 0. The singlet 1P1 phase shift of the p
3He elastic scattering with T = 1 used in 
our calculations of the E1 transition to the ground state of 4He in the p3H channel with 
T = 0. The scattering phase shifts obtained with such potentials are given in our previous 
Refs. 91,101. 
The singlet, isospin and Young tableaux mixed S phase shift of the elastic p3H 
scattering, determined from the experimental differential cross sections, and used later for 
obtaining the pure p3H phase shifts for potential (2) at V1 = 0 with parameters  
 
 V0 = -50 MeV,    = 0.2 fm
-2. (12) 
 
Then, the following parameters at V1 = 0 for the pure p
3H potential with Т = 0 in the 
1S wave in Refs. 91,101 have been found: 
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 V0 = -63.1 MeV,    = 0.17 fm
-2. (13) 
 
Scattering phase shifts for potentials (12) and (13) are given in Refs. 16,91,101. The 
pure (according to Young tableaux) interactions thus obtained can be used for the 
calculation of different characteristics of the bound ground state 4He in the p3H 
channel. The degree of agreement of the results obtained in this case with experiment 
now depends only on the degree of clusterization of this nucleus in the channel 
considered and here one supposes that this degree is high enough that the 
spectroscopic factor of the channel will be close to unity. 
The interaction potential (13) obtained in Refs. 91,101 on the whole correctly 
describes the channel binding energy of the p3H system (to several keV) and the root-
mean-square radius of 4He. Using this potential and the potential of the 1Р scattering 
wave with the point-like coulomb term for the p3H system from (11), the differential 
and total cross sections of proton radiative capture on 3H were calculated in 
Refs. 91,101 and Ref. 88 respectively. The astrophysical S-factors at energies down to 
10 keV were also calculated.  
It should be noted that at that time experimental data for the S-factor only was known 
in the energy region above 700–800 keV.102 Subsequently new experimental data were 
obtained in Ref. 9 and Ref. 10. It will be of interest to explore whether the potential cluster 
model with the singlet 1P potential obtained earlier and the refined interaction of the pure 
ground 1S state of 4He is capable of describing this new more accurate data. 
Our preliminary results Refs. 88,101 have shown that for calculation of the S-factor 
at energies of the order of 1 keV the same conditions as in the p2H system20,42 should be 
satisfied. In particular the accuracy of values obtained for the binding energy of 4He in 
the p3H channel should be increased. New modified programs as described in Ref. 41,42 
were used in the current work in order to improve parameters of the potential of the 
ground state for the p3H system of 4He as given in Ref. 103. 
The results for pure potentials (with respect to isospin of T = 0) are given in the 
expression (2) with the following parameters: 
 
 р3Н System 
 1S wave  –  V0 = -62.906841138 MeV,    = 0.17 fm
-2. (14) 
 1P wave  –  V0 = +8.0 MeV,    = 0.03 fm
-2. (15) 
 
These results obtained in Ref. 91 differ from those presented in Ref. 101 by 
approximately 0.2 MeV. This difference is mainly connected with the use, in the new 
calculations, of more accurate values of masses of p and 3H particles104 and more 
accurate description of the binding energy of 4He in the p3H channel. Using this value 
of –19.813810 MeV was obtained.21 The calculation with the potential considered here 
gives –19.81381000 MeV. 
The behavior of the “tail” of the numerical wave function (WF) L(R), for the 
p3H system bound state at large distances, was verified using an asymptotic constant 
(AC) CW (3).
68,105 The reduced error of the asymptotic constant Cw was achieved by 
averaging it over the range in which its variation is a minimum. To find the region for 
Cw stabilization we calculated it starting at the maximum distances that were 
considered by us of about 20–30 fm. This stabilization usually occurs at distances of 
about 7–12 fm. In this region the CW changes least with a variation of about 10
-3. At 
distances below the stabilization region for the WF L(R) we use numerical values of 
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this function obtained from the Schrödinger equation solution. At distances above the 
stabilization region it is calculated from its asymptotic (3) determined by the 
Whittaker function W-L+1/2(2k0r) using the value for Cw found in the stabilization 
region. 
The experimentally determined value of CW in Ref. 68 is 5.16(13) for the p
3H 
channel. For the n3He system a value of 5.10(38) was obtained. This is very close to 
the constant of the p3H channel for our GS potential from (14). Ref. 105 reports a 
value of 4.1 constant of the n3He system and 4.0 for p3H. The average value between 
the results of Refs. 105 and 68 are in good agreement with our results for the GS 
potential from (14). Apparently, there is a considerable difference between the data of 
asymptotic constants. For the n3He system reported values range from 4.1 to 5.5 and 
for the p3H channel from 4.0 to 5.3. 
The results reported in Ref. 106, where the average spectroscopic Sf factor was 1.59 
and the average value of the asymptotic normalizing coefficient ANC (ANC) was 6.02 fm
-
1/2, were obtained on the basis of calculations with different potentials. The relationship 
between ANC and dimensional AC C:103,107 
 
 22 CSA fNC   (16) 
 
where C can be found from  
 
  L ηL 1/ 2 0χ ( ) 2r CW k r   (17) 
 
This dimensional constant is related to the non-dimensional CW used by us by 
WCkC 02 . So using the values of ANC and Sf given in Ref. 106 we obtained a value 
for C of 4.77 fm-1/2. In this case 
02k  = 1.30 so the dimensionless AC Cw is 3.67. This is 
slightly less than values obtained here and given in Ref. 68,105. However, if the 
spectroscopic factor determines the possibility of certain two-body channel, then it is 
unlikely to be more than unity. Sf = 1.0 would give a C of 6.02 and CW of 4.63. This 
agrees acceptably with the given above dimensionless value of 4.52 for the 1S potential of 
the ground state from (14). 
For the charge radius of 4He, with the potential from (14), we have obtained a value 
of 1.78 fm (calculation methods for charge radius are described in Refs. 41,42,88,101. 
The experimentally determined value of 4He radius 1.671(14) fm.21 For these calculations 
we have used the values of the tritium radius of 1.73 fm from Ref. 33 and the proton 
radius of 0.8775 fm from data base Ref. 104. 
 
3.3 Astrophysical S-factor and reaction rate 
 
For calculation of the astrophysical S-factor the usual expression was used (see, for 
example, Ref. 38) 
 
 )335.31exp( 21 E
ZZES

 , (18) 
 
where  is the total cross section in barn, Е is the center-of-mass energy in keV, Zi are 
the particle charges,  is the reduced mass of particles in amu.6 
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The total cross sections and the astrophysical S-factor of the proton radiative 
capture process on 3H have previously been calculated based on the modified 
potential cluster model.101 It was assumed that the main contributions to the cross 
sections of E1 photodisintegration of 4He in the p3H channel, or to the proton 
radiative capture on 3H, were transition with changing isospin by the unit for which 
ΔT = 1.108 Therefore our calculations will assume that the 1P1 potential for p
3He 
scattering is pure with respect to the isospin (T = 1) singlet state of this system and 
that the 1S potential for the ground state is pure with respect to the isospin T = 0 
bound state of 4He in the p3H channel.16 
Using these assumptions, the E1 transition with refined potential of the ground state 
of 4He, as shown in (14), was re-calculated. The results for the astrophysical S-factor at 
energies from 1 keV up to 5 MeV are shown in Fig. 2 by the green solid line. In particular 
the new results obtained for the energy region from 10 keV to 5 MeV are in close 
agreement with our previous results as given in Ref. 91.  
Fig. 2 also shows the resulting values from new experimental data Refs. 9,10 and 
additional data from Ref. 109 not known to us earlier. It can be seen from this figure 
that the calculations performed about 20 years ago101 well reproduce the data on the S-
factor obtained in Ref. 9 at energies of p3H capture from 50 keV to 5 MeV (c.m.). 
These data were published after the publication of our article Ref. 101 and have 
noticeably lower ambiguity at energies lower 5 MeV (Fig. 2) than do earlier results 
Refs. 102,110–112 and they more accurately determine the general behavior of the S-
factor at low energies, practically coinciding with early data Ref. 109 in the energy 
range 80–600 keV. 
At 1 keV (Fig. 2) the calculated value of the S-factor is 0.95 eV b, and calculation 
results at energies less than 50 keV are slightly lower than data of Ref. 10. In this work, 
using parameterization of the form 
 
 S(Ec.m.) = S0 + Ec.m.S1 + E
2
c.m.S2, (19) 
 
a value 2.0(2) keV mb was obtained for S0; for the S1 parameter the value was 1.6(4)10
-2 
mb and for the S2 the value 1.1(3) 10
-4 mb keV-1 was given. The results of this 
approximation are shown in Fig. 2 by the red solid line and are in a good agreement with 
the experimental data of Ref. 10. In Ref. 10 the results for S-factor of the M1 transition 
were also obtained, which lead to its value of 0.008(3) keV mb, that is in 250 times lower 
than the value S0 = 2.0(2) keV mb obtained in Ref. 10. In the model using by us the cross 
section of the M1 transition equals zero at all. 
In Ref. 9 the equivalent values were S0 = 1.8(1.5) keV mb, S1 = 2.0(3.4)10
-2 mb 
and S2 = 1.1(1.4)10
-4 mbkeV-1. The results of extrapolation these are given in Fig. 2 
by the blue solid line. However, the linear extrapolation of the experimental data in 
Refs. 9,109 down to 1 keV leads to a value of S-factor about 0.6(4) eV b, i.e., three 
times less than in Ref. 10. In addition, the results in Ref. 10 have relatively large 
errors. In order to remove the current ambiguity in data for the S-factor of the proton 
capture on 3H, we need new measurements in the energy range from 5–10 up to 30–
50 keV. 
It is seen from Fig. 2 that at the lowest energies (in the region 1–3 keV) the 
calculated S-factor is practically independent of energy. This suggests that its value at 
zero energy will not differ from the value at 1 keV. Therefore the difference of the S-
factor at 0 and 1 keV should not be more than 0.05 eV b and this can be considered as 
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the error of determination of the calculated S-factor at zero energy, i.e., 
S(0) = 0.95(5) eV b. 
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Fig. 2. Astrophysical S-factor of proton radiative capture on 3H in the range 1 keV–5 MeV. 
The green line shows the calculation with the GS 1S potential given in (14); the red line 
shows the results of approximation from Ref. 10; the blue line shows results of the 
approximation from Ref. 9; the black line shows our approximation, the violet line shows our 
approximation with additional cubic term E3c.m.S3. Points show the recalculation of the total 
capture cross sections Ref. 9, given in Ref. 10, upward open triangles Ref. 109, rhombus 
Ref. 10, downward open triangles Ref. 102. 
 
For parameterization of the calculated S-factor in the energy range 1–200 keV 
the quadratic form (19) can be used and we obtain values for the parameters of: 
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S0 = 0.87021 eV b, S1 = 4.086 10
-2 eV b keV-1, S2 = 6.4244 10
-5 eV b keV-2 at the 
value of 2 = 0.23 at 1% errors of S-factor. The results of such extrapolation are 
shown in Fig. 2 by the black solid line. This parameterization slightly underestimates 
S-factor only in the range lower 2–3 keV. 
It is possible to use parameterization of the form (19) with addition of the cubic 
term E3c.m.S3. In this case at the interval up to 4 MeV for parameters we have found: 
S0 = 0.901194 eV b, S1 = 3.9499 10
-2 eV b keV-1, S2 = 6.94038 10
-5 eV b keV-2, 
S3 = -1.25131 10
-8 eV b keV-3 at the value of 2 = 0.78 at 1% errors of calculated S-
factor. The results of such extrapolation are shown in Fig. 2 by the violet dashed 
line. Such parameters slightly better describe the calculated S-factor at lowest 
energies. 
For determination of the 2 value the usual expression from Ref. 113 was used 
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where Sc is the initial, i.e., calculated and Sa is the approximated S-factor for the energy 
denoted by i, Sc is the error of the initial S-factor, which usually takes equal to 1%, and 
N is the number of points at summation in the expression given above. 
In Fig. 3 the reaction rate NA˂v˃ of the proton capture on 
3H is shown (solid 
blue line). This corresponds to the solid green line in Fig. 2 and is presented in the 
form Ref. 66 
 
 

 
0
9
2/3
9
2/14 )/605.11exp()(107313.3 dETEEETvN A , (21) 
 
where vN A   is the reaction rate in cm
3mole-1sec-1, E is in MeV, the cross section 
(E) is measured in μb, μ is the reduced mass in amu and Т9 is the temperature in units 
of 109 K which matches our calculation range of 0.01 to 5.0 T9. Integration of the cross 
sections was carried out in the range 1 keV – 5 MeV for 5000 steps with a step value of 
1 keV. 
 
In Refs. 35,38,40 the parametrization of this reaction rate is given 
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The calculation result of such reaction rate is shown in Fig. 3 by the dark dotted 
line, which appreciably differ from our results, based on the correct description of the 
astrophysical S-factor in the range from 50 keV to 5 MeV Ref. 91 from new work 
Ref. 9 – points in Fig. 2. On the analogy of (22) one can parameterize our calculation 
results by the analogous form (22), and with other coefficients. 
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with 2 = 1.3 at the 1% error of the parameterized reaction rate. Results of such 
parametrization are shown in Fig. 3 by the red dashed line.  
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Fig. 3. Reaction rate of the proton radiative capture on 3H. Blue line is the calculation results for 
the GS potential from (14), which correspond to cross sections shown in Fig. 2 by the green 
solid line. Result of reaction rate (22) is shown here by the dark dotted line, reaction rate 
(23) is shown here by the red dashed line and the reaction rate (24) by the green dotted-
dashed line. 
 
Possibly, our results for the S-factors is slightly underestimated in the energy 
range lower 50 keV, if proceed from the results,10 shown in Fig. 2 by open rhombus. 
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In order for take into account results of Ref. 10 we determine the S-factor from 
parametrization (19) with parameters of Ref. 10 and determine the cross section from 
the S-factor at the range 1 – 50 keV, which at 50 keV coincide with our calculations. 
Then we change our results by such cross sections in the mentioned energy range and 
calculate the reaction rate. The results of such calculations are shown in Fig. 3 by the 
green dotted-dashed line, which from 0.01 up to 0.2 – 0.3 Т9 is located slightly higher 
than our previous results shown by the blue line. However, this result, which 
completely describes S-factor in the range 1 keV – 5 MeV does not coincide with the 
parametrization of Ref. 38. 
This result of calculations, presented in Fig. 3 by the green dotted-dashed line, 
can be parameterized by form (22) with parameters 
 
 
)3985.493843.596503.350654.44
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with 2 = 0.1 at 1% error of the parameterized reaction rate, which shown in Fig. 3 by 
the thin red solid line. 
Since, there was no the most recent measurements for the astrophysical S-factor9,10 at 
the publishing of the work Ref. 35 their parametrization slightly overestimates the reaction 
rate at low Т9, tending to our results at values 3 – 5 Т9. Our calculations of the reaction rate 
given in Fig. 3 by the green dotted-dashed line at the determination of the S-factor in the 
energy range 50 keV – 5 MeV are based on the microscopic MPCM and is not usual 
parametrization of the experimental data. In the range 1 – 50 keV they empirically take into 
account the latest data10 at low energies and can be considered as an improvement of 
results.35 
 
4. Capture reaction 3He(2H, )5Li 
 
The preliminary studying of the radiative capture reaction 3He(2H, )5Li was published 
by us in Ref. 114. Radiative capture reactions in the isobar-analog channels 
3H(2H, )5He and 3He(2H, )5Li are of interest for two important reasons. These 
reactions involving deuterium enter into the chain of synthesis of the initial formation 
of stable stars and are also possible candidates for overcoming a well-known problem – 
the gap at А = 5 in the chain of synthesis of light elements in the early stages of the 
evolution of the Universe.6 
 
4.1. Elastic 2H3Нe and 2H3Н scattering and bound states 
 
We present the classification by orbital symmetries of the 2Н3He and 2Н3H systems, 
i.e. a configuration of 2+3 nucleons. The doublet channel spin (S = 1/2) scattering 
states depend on the two allowed orbital Young tableaux {41} and {32}, and these are 
regarded as mixed in terms of the orbital symmetries. The quartet channel spin 
(S = 3/2) allows only one symmetry {32}, so these states are pure according to the 
Young tableaux.  
Contrary, the ground discrete states of 5He and 5Li nuclei are assumed to be the 
pure {41} state.87 The different interaction potentials in the discrete and scattering 
states should therefore also be different relative to the symmetry of the Young 
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tableau.  
Finally, the dependence not only on JLS quantum numbers, but on {f} orbital 
symmetry is also taken into account for the nuclear interaction potentials of the attractive 
Gauss form and exponential part (2), modeling the long-range repulsion5,20,41,43,44 with the 
point-like Coulomb term Vc defined above. 
The  phase shifts of the 2Н3He elastic scattering are known in the energy range 
0–5 MeV.115 Compared with the earlier research116,117 carried out for energies of up 
to 40 MeV, we changed the potential parameters slightly in order to fit the low 
energy region better. The results are given in Table 2 for the 2Н3He and 2H3Н 
systems, as the difference is shown in the Coulomb interaction only for the same 
symmetry classification. For both systems, we set the repulsive part as V1 = 0. The 
last column gives the energies of the binding states (BSs). Table 2 shows the binding 
energies for the quartet forbidden state with the Young tableau {5} and orbital 
momentum L = 0, as well as state with tableau {41} and L = 1. The allowed state 
corresponding to symmetry {f} = {32} with L = 0 and 2 was shown to be unbound, 
i.e. lying in a continuous spectrum corresponding to two exciting quanta (see 
Ref. 87). 
 
Table 2. Potential parameters (2) for the 2Н3He and 2H3Н systems for mixed scattering 
states by Young tableaux and corresponding binding energies EBS 
2S+1L V0, MeV , fm-2 2 3H HeE ( 2 3H HE ), MeV 
2S1/2, 
2D -30.0 0.15  -7.0 (-7.9) 
2P -48.0 0.1  -9.6 (-10.2) 
4S3/2, 
4D -34.5 0.1  -13.0 (-13.9) 
4P -29.0 0.1 -1.4 (-1.8) 
 
 
When using the potential V0 = -25.0 MeV,  = 0.15 fm
-2 from Refs. 116,117 for the 
description of the doublet mixed by the Young tableaux 2S phase shifts, some 
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Fig. 4. Comparison of the 2H+3He doublet 
phase shifts mixed by orbital tableaux 
calculated with the potentials from Table 2 
using results from Ref. 115. 
Fig. 5. Experimental energy spectra for 5Li and 
5He using data from  Ref. 87. 
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discrepancies from the experimental data can be seen in Fig. 4 (solid curves for 2S and 2D 
states).115 Thus, we assume that the potential is deeper and is equal to -30.0 MeV (see 
Table 2). The corresponding results are shown in Fig. 4 by dashed curves. The results for 
the doublet 2Р potential -44.0 MeV,  = 0.1 fm-2 from Refs. 116,117 show a worse fit to 
the experimental data in Fig. 4 (solid curve) compared with the calculations with a deeper 
potential V0 = -48.0 MeV (dashed curve). 
As can be seen from Table 2, in the allowed doublet 2Р channel, the energy of the 
GS and the first excited state (FES) of 5Li and 5He (experimental spectra are shown in 
Fig. 5) cannot be reproduced with these parameter sets. Thus, in order to fit the BSs 
characteristics of 5Li found in Refs. 116,117, the potential parameters are as given in 
Table 3. 
 
Table 3. Potential parameters for 2Н3He and 2H3Н systems for pure states according to 
Young tableaux and binding energies EBS from Refs. 116,117. Here,  = 0.15 fm
-2 
2S+1LJ V0, MeV V1, MeV β, fm
-1 2 3H HeE ( 2 3H HE ), MeV 
S1/2, D  -40.0   +8.0 0.2  -8.7 (-9.6)  
Р3/2  -75.5 – –  -16.5 (-17.3) 
Р1/2  -60.2 – –  -9.0 (-9.7) 
 
It should be noted that both channel spin states S = 1/2 and 3/2 allow the bound 
states in 5He or 5Li with total momentum J = 3/2- (GS) as well as J = 1/2- (FES) 
corresponding to the Р wave. Thus, both of these states are the 2+4P mixture of singlet and 
quartet channels. At one time, the pure doublet state corresponds to the {41} tableau, and 
the pure quartet to {32}. Thus, the 2+4Р state can also be treated as a mixture using Young 
tableaux. We see the direct correspondence of “channel spin” and the “Young tableau”; 
thus, the obtained potentials for the GS and FES with J = 3/2- and J = 1/2- are referred to 
here as pure using Young tableau potentials. 
Based on the latest data for the energy levels118 and refined values for the masses of the 
clusters involved (see Section 2) we revised the potential parameters; it can be seen from Table 
4 that the binding energies in GS and FES of 5Li have been reproduced with a more accurate 
search relative precision of 10-6 MeV.20 It should be noted that the repulsive potential was 
taken as V1 = 0, and the width parameter as  = 0.18 fm
-2 in the potential (2). Experimental 
values for the energy levels are given in brackets next to the calculated EBS.
118 
The dimensionless asymptotic normalizing coefficients Cw are given in the last 
column in Table 4. They are defined above according to (3).68 Here, χL(R) is the 
numerical GS radial WF with respect to the solution of the Schrödinger equation 
normalized to unity, W-ηL+1/2(2k0R) is the Whittaker function, and k0 is the wave number 
related to the channel binding energy. The ANC error is determined by its average over 
the intervals 5–6 and 8–10 fm. The charge radii rrms for the BSs of 
5Li in the 2H3He 
channel were also calculated and are given in Table 4. 
 
Table 4. New potential parameters for 2Н3He system for the pure by Young tableau states 
LJ V0, MeV EBS (Eexp), MeV rrms, fm CW  
Р3/2 -84.03570 -16.660002 (-16.66) 2.25 6.40(1) 
Р1/2 -81.02697 -15.170001 (-15.17)  2.26 5.83(1) 
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We draw attention here to the first resonance in the 2H3He state with width 
Γcm = 0.959 MeV indicated as 19.28 MeV relative to the GS, or as 2.62 MeV relative 
to the channel threshold and identified as the J = 3/2- state (see Table 4.3 in 
Ref. 118). This may be correlated to the P3/2 wave in the doublet or quartet spin 
channel at 4.37 MeV (l.s.) deuteron energy. It is shown below that М1 transitions 
from the P3/2 scattering states close to this energy have a resonating character 
comparing the transitions from the non-resonating P1/2 and P5/2 waves, which give 
appreciably lesser contribution. 
The phase shift analyses carried out in Ref. 115 up to 5 MeV (l.s.) did not reveal 
any resonating behavior of 2+4P waves, in spite of the relatively large width of the level 
considered. A rising tendency is only seen in the 2P phase shift in the doublet channel, 
while the quartet 4P phase shift clearly decreases. We did not treat these resonances 
previously, and the potentials in Table 2 are therefore unable to reproduce these. The 
following potential was found to represent the 2+4P3/2 resonances: 
 
 V0 = -1505.3 MeV and  = 2.5 fm
-2. (25) 
 
The calculated P3/2 phase shift, illustrated by dots in Fig. 4, shows the resonance. This is 
equal to 90.0(1), at 4.37 MeV (l.s.) with a width Γcm = 1.06 MeV. 
There are two further wide resonances with Γcm = 3.28 and 4.31 MeV located at 
19.45 and 19.71 MeV relative to the GS (or 2.79 and 3.05 MeV relative to the channel 
threshold). These are associated with the J = 7/2+ and J = 5/2+ states (see Table 4.3 in 
Ref. 118), and may refer to D phase shifts resonating at 4.65 and 5.08 MeV (l.s.) deuteron 
energies. The second of these resonances in the doublet and quartet channels may 
indicate Е1 transitions to the GS. To reproduce such 2+4D5/2 behavior, the following 
potential was found: 
 
 V0 = -25.5745 MeV and  = 0.075 fm
-2. (26) 
 
The calculated D5/2 phase shift, illustrated by dots in Fig. 4, shows the resonance. 
This is equal to 90.0(1), at 5.08 MeV (l.s.) with width Γcm = 4.43 MeV. Again, there 
is no such resonance in the analysis of D phase shifts carried out in Ref. 115 at these 
energies, but there is a tendency of a moderate rise in 4D phase shift at 5.0 MeV. It is 
clear that as a result of the analysis of these levels the phase shift analysis115 does not 
take into account the location of the considered resonances with large widths and 
hereafter is subject to, evidently, refinement with the extension of the deuteron energy 
range up to 7–8 MeV. 
The complete set of transition amplitudes taken into account in our calculations is 
given in Table 5. Transitions from the resonating waves with a major effect on the total 
cross sections are marked in bold. All other transitions from the non-resonating waves 
(ordinary type) contribute a minor effect, according to our estimation. Scattering states 
corresponding to the same angular momentum J, but mixed by channel spin, are given in 
the same color. 
Several comments should be made on the transitions involved in the calculations of 
the total cross section of the 3He(2H,γ)5Li reaction. Since the GS is mixed by spins, the 
dipole Е1 transition should be treated as arising from the doublet and quartet S and D 
scattering states. Within the model used, it is impossible to separate the 2Р3/2 and 
4Р3/2 
components explicitly in GS, and we therefore use the P3/2 function mixed by spin states 
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obtained as the solution of the Schrodinger equation with potentials from Table 4. For the 
scattering states, the doublet and quartet mixed by Young tableaux are used, calculated 
with potentials in Table 2. 
 
Table 5. Transitions accounting for the calculated total cross section of the deuteron 
radiative capture on 3He 
No. 2S+1LJ, initial
 Transition 2S+1LJ, final
 
1.  2S1/2 E1 2P3/2 
2.  4S3/2 E1 4P3/2 
3.  2D3/2 E1 2P3/2 
4.  2D5/2 E1 2P3/2 
5.  4D1/2 E1 4P3/2 
6.  4D3/2 E1 4P3/2 
7.  4D5/2 E1 4P3/2 
8.  2P1/2 M1 2P3/2 
9.  2P3/2 M1 2P3/2 
10.  4P1/2 M1 4P3/2 
11.  4P3/2 M1 4P3/2 
12.  4P5/2 M1 4P3/2 
 
The interaction potentials are corroborated by the experimental data on the elastic 
scattering phase shifts and energy levels spectra; thus, the WFs obtained as the solutions 
of the Schrodinger equation with these potentials effectively account for the cluster 
system states, and in particular for the mixing by channel spin. Therefore, the total cross 
section of the Е1 transition from the mixed continuous states to spin-mixed GS may be 
taken as a simple doubling of the partial cross section, as each is calculated with the same 
functions; however, spin algebraic factors are specified for each matrix element.5,20,41,43,44 
In reality, there is only one transition from the scattering state to the GS, rather than two 
different E1 processes. 
The averaging procedure concerns the transitions from the D5/2 and D3/2 scattering 
states to the P3/2 GS of 
5Li in the 2H3He channel. Finally, we arrive at the following Е1 
multipole cross section: 
 
2 2 4 4 4 4
0 1/2 3/2 3/2 3/2 1/2 3/2
2 2 4 4 2 2 4 4
3/2 3/2 3/2 3/2 5/2 3/2 5/2 3/2
( 1) ( ) ( ) ( )
[ ( ) ( )] / 2 [ ( ) ( )] / 2
E S P S P D P
D P D P D P D P
        
         
. 
 
According to the classification in Table 5, there are also spin mixing states in 
scattering P waves leading to the magnetic dipole М1 transition. Thus, the corresponding 
cross section is written as above for the Е1 transition to the GS:  
 
4 4 2 2 4 4
0 5/2 3/2 1/2 3/2 1/2 3/2
2 2 4 4
3/2 3/2 3/2 3/2
( 1) ( ) [ ( ) ( )] / 2
[ ( ) ( )] / 2
M P P P P P P
P P P P
         
    
. 
 
We have therefore identified all the major transitions that may contribute to the total 
cross sections of the deuteron capture process on 3He at low energies, which are treated in 
this paper. 
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4.2. Total cross section, astrophysical S-factor and reaction rate 
 
Fig. 6 shows the results of the calculated 1E  radiative capture in the 2Н3Не cluster 
channel at energies below 5 MeV. The solid red line denotes the cross section for the 1E  
transition from the 2S  and 4S scattering waves (potentials from Table 2) to GS 2+4Р3/2, 
defined by the interaction potential parameters from Table 4. Cross sections for the 1E  
transitions from the 2S wave are of few orders suppressed as this scattering wave has non-
resonant behavior. 
The solid violet line in Fig. 6 denotes the cross section for the 1E  transition to the GS 
from the resonating 2+4D5/2 waves, calculated with the potential (26), and includes all other 
small-value amplitudes for the non-resonating D waves listed in Table 5. 
The green curve in Fig. 6 shows the contribution of 1M  transitions from the 
resonating 2+4P3/2 waves corresponding to the potential (25) and the non-resonating set 
of Р potentials from Table 2. Note that M1 transitions from non-resonant scattering P 
waves have a significant impact on the total cross sections only at energies above 
600–700 keV. 
The total cross section including all transitions listed in Table 5 is shown by the 
blue curve in Fig. 6. It can clearly be seen that starting from energies above 600–800 
keV the calculated cross section lies somewhat lower than the error bars band. It 
should be noted that these errors have been taken as being equal to 19%, as it was 
given in Ref. 31 for energy 450 keV and cross section value of 21(4) μ b at the 25 keV 
energy scaling error. 
Fig. 7 displays the calculated astrophysical S-factor, which is in direct 
correspondence with the cross sections shown in Fig. 6. We recalculated data on the 
cross sections from Ref. 31 into the S-factor and present them here as points in this 
figure. At minimal energies of 185–300 keV, its value is close to 0.39(5) keV b. This 
value may be approximated by a trivial constant energy dependence S(E) = S0 with 
S0 = 0.386 keV b and a mean value of 
2 = 0.21. The same experimental errors of 19% 
were assumed for the S-factor. The linear parametrization at energies below 20 keV is 
shown by the dashed green line in Fig. 7. 
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Fig. 6a. Total cross section for 3He(2H,γ)5Li 
below 2.5 MeV. Experimental data are taken 
from Ref. 31 and curves correspond to the 
potential parameters in Tables 2 and 4 
Fig. 6b. Total cross section for 3He(2H,γ)5Li 
below 5.0 MeV. Data are the same as in 
Fig. 6a. 
 
 
Fig. 7 displays the calculated astrophysical S-factor, which is in direct correspondence 
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with the cross sections shown in Fig. 6. We recalculated data on the cross sections from 
Ref. 31 into the S-factor and present them here as points in this figure. At minimal energies 
of 185–300 keV, its value is close to 0.39(5) keV b. This value may be approximated by a 
trivial constant energy dependence S(E) = S0 with S0 = 0.386 keV b and a mean value of 
2 = 0.21. The same experimental errors of 19% were assumed for the S-factor. The linear 
parametrization at energies below 20 keV is shown by the dashed green line in Fig. 7. 
To improve the description of the experimental data, we tried the following 
approximating function:  
 
 S(E) = S0+ S1E+ S2E
2. (27) 
 
However, this was not successful in this very low-energy region. The obtained S-factor was 
shown to be rather stable in the energy range 20–50 keV and is equal to 0.14(1) keV·b; this 
is substantially less than the experimental values in Ref. 31. The error given here for the 
calculated S-factor was defined as its average over the energy interval 20–50 keV. 
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Fig. 7a. S-factor data from Ref. 31 fitted with 
potentials from Tables 2 and 4 for 3He(2H,γ)5Li 
below 2.5 MeV 
Fig. 7b. As Fig. 7a, but for energies below 5.0 
MeV 
 
In the following, we implemented the parametrization of the calculated S-factor 
according to expression (27), with S0 = 0.14081 keV·b, S1 = -2.070510
-5 b and 
S2 = 2.789710
-6 bkeV-1. We found the value 2 to be 0.17 within 1% precision of the 
theoretical S-factor. The result is shown by the red dashed curve in Fig. 7 and is consistent 
with the experimental data in the energy region close to 250 keV. 
Ordinary 2 statistics were applied as in Refs. 41,57, and were defined as: 
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Here, Sc(Ei) are the data for the calculated astrophysical S-factor corresponding to the blue 
curve in Fig. 7. Data for the approximating value Sa(Ei) are taken according to (27). The error 
ΔSc(Ei) is assumed to be 1%, and N is the number of points taken into account. 
The experimental data shown as dots in Fig. 7 may be approximated by a function 
of the Breit-Wigner type: 
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with the following parameters: a1 = 0.12315, a2 = 18861, a3 = 313.22, a4 = 509.95. The 
results of this parametrization are shown by the solid red curve in Fig. 7. 2 is equal to 
0.11. This very approximation form was used in the energy interval up to 1.5 MeV, but with 
the parameter set a1 = 0.096846, a2 = 8520.4, a3 = 393.13, a4 = 300.34. The quality of the fit 
with 2 = 14.5 and errors within 1% is illustrated by the solid violet curve in Fig. 7.  
 
10-2 10-1 100
10 -2
10 -1
100
101
102
103
104
3He(2H, )5L i
T
9
N
A
{
v}
, c
m
3
m
ol
-1
s-
1
 
Fig. 8. Reaction rate of the deuteron radiative capture on 3He. Theoretical curves were 
obtained using the potentials from Tables 2 and 4. An explanation of the parameterization 
functions is given in Section 4. 
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Note that the value of the approximated S-factor at 20 keV is equal to 0.15 keV·b. 
Fig. 8 shows the calculated reaction rate for the deuterium radiative capture on 3He 
for temperatures from 0.03 to 3 Т9. The blue curve was obtained based on the 
corresponding theoretical cross section given in Fig. 6. The last one differs slightly 
from the experimental data; however, we found no measured cross sections at higher 
energies, at least up to 5 MeV,60 and may be any calculated rates by other authors. 
The reaction rate in cm3mol-1s-1 units may be presented as usual (22).66 To calculate 
this integral, 2000 points of the theoretical cross section were taken in the c.m. energy 
range from 1 to 2000 keV. The expansion of this interval to 3 MeV and number of points 
to 3000 changes the value of the reaction rate by less than 1%. The calculated reaction 
rate was approximated in the range 0.03–3.0 Т9 as the following: 
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The resulting curve is shown by red in Fig. 8, where 2 is equal to 7.2. To find the 
parameters in (28), we used 300 points corresponding to the blue curve in the same 
figure. To estimate 2, the error was taken to be 1%. 
The main goal of the present research is to determine the role of the radiative 
capture reaction 3He(2H,γ)5Li in the balance of the processes with the deuterons 
occurring in the laboratory and natural plasma. This was based on the data in Ref. 35 
for the parametrization of reaction rates involving the lightest and light nuclei. The 
contribution of the current work to this compilation is important from a practical 
application ansatz, and is the calculated reaction rate for the process 3He(2H,γ)5Li 
and its analytical parametrization in (28). Fig. 1 displays the comparative rates of 
the deuteron- and proton-induced reactions calculated according to the 
parametrizations in Refs. 16,35 and the present results. It is obvious that the treated 
reaction is nearly four orders of magnitude smaller than the 3H(d,n)4He process that 
contributes the primary effect of the primordial nucleosynthesis of the lightest 
elements in the Universe together with the reactions 3He(d,p)4He, 2H(d,n)3He and 
2H(d,p)3H.  
 
 
5. Capture reactions 4He(3He, )7Be, 4He(3H, )7Li and 4He(2H, )6Li 
 
5.1. Potentials and scattering phase shifts 
 
It was shown in Ref. 119 that orbital states in the 3He4He, 3H4He and 2H4He systems for 7Be, 
7Li and 6Li nuclei, unlike lighter cluster systems as p2H or p3H,42,88,120–122 are pure according 
to Young tableaux. Therefore, nuclear potentials of the form (2) with the obtained parameters 
based on quantum numbers JLS and Young tableaux {f} and obtained on the basis of elastic 
scattering phase shifts and spherical or point-like Coulomb term113 can be directly used for 
examination of the characteristics of the bound states (BSs) of these nuclei in the potential 
cluster model with FSs, which is titled as MPCM.57 
The parameters of Gaussian interaction potentials for cluster states in 7Li, 7Be and 6Li 
nuclei that are pure according to Young tableaux119 obtained earlier in our works,73,123–125 
meanwhile the interactions in the 3H4He and 3He4He systems differ from each other by the 
Coulomb term only. Furthermore we will give few variants of parameters, adjusted later and 
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initial variants are given in Table 6. Table 6 also presents the energies of bound forbidden 
states for the 2H4He channel of 6Li and the 3H4He system, which slightly differ from the 
corresponding values for 3He4He interactions. In the S wave for the 3H4He and 3He4He 
systems these bound states correspond to forbidden Young tableaux {7} and {52}. In the P 
wave the {61} tableau is forbidden at the allowed bound state (AS) with the Young tableau 
{43}. In the D wave there is the FS with tableau {52}.119–121,126,127 For the 2H4He system, the 
S wave contains the forbidden bound state with tableau {6} and allowed bound state with 
{42}, and in the P wave the state with tableau {51} is forbidden.119–121,126,127 
 
Table 6. Potential parameters of the elastic 3H4He, 3He4He and 2He4He scattering and 
energies of corresponding forbidden bound states.73,123–125,127 The potential width 
parameter for the 3H4He and 3He4He systems is  = 0.15747 fm–2, and the Coulomb 
radius RCoul = 3.095 fm. RCoul = 0 for potentials of the 
2He4He system 
7Li and 7Be 6Li 
2S+1LJ 
V0,  
(MeV) 
ЕFS (
7Li) 
(MeV) 
2S+1LJ 
V0 
(MeV) 
 
(fm-2) 
ЕFS 
(MeV) 
2S1/2 -67.5 -36.0, -7.4 
3S1 -76.12 0.2 -33.2 
2P1/2 -81.92 -27.5 
3P0 -68.0 0.22 -7.0 
2P3/2 -83.83 -28.4 
3P1 -79.0 0.22 -11.7 
2D3/2 -66.0 -2.9 
3P2 -85.0 0.22 -14.5 
-63.0 0.19  2D5/2 -69.0 -4.1 
3D1 
(-45.0) (0.15) 
– 
-69.0 0.19  
F5/2 -75.9 – 
3D2 
(-52.0) (0.15) 
– 
F7/2 -84.8 – 
3D3 -80.88 0.19 – 
 
The quality of description of scattering phase shifts is demonstrated in Figs. 9, 10 
and 11a,b,c; these figures also show experimental data from Refs. 128,129 for the 
3He4He, Refs. 129,130 for the 3H4He, and Refs. 131–134 for the 2H4He elastic 
scattering. 
For the 3He4He and 3H4He systems, only the S scattering phase shifts are 
presented, since as it will be shown below, exactly transitions from the S waves to 
the ground and the first excited bound states of 7Be and 7Li make a dominant 
contribution to the radiative capture S-factor. It can be seen from Figs. 9, 10, and 
11a that the calculated S phase shifts for the elastic 3H4He, 3He4He and 2H4He 
scattering quite well describe the known results of the phase shift analysis at low 
energies up to 5–10 MeV. Fig. 11b shows that the data on the P phase shifts of the 
2H4He scattering from different papers strongly differs; therefore, it is possible to 
construct the P potential only approximately; however, on the whole they describe 
phase shifts at low energies, representing a certain compromise between the results 
of different phase shift analyses. For energy below 1 MeV, i.e., in the region of 
determination of the S-factors, the results of calculation of all P phase shifts slightly 
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differ and are close to zero. In Fig. 11c dashed lines show the results of calculation 
of the 3D1 and 
3D2 phase shifts of the 
2H4He scattering obtained using the changed 
potentials, the parameters of which are given in Table 6. These potentials somewhat 
better describe the behavior of the available experimental data, especially at the 
energies higher than 5 MeV. 
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Fig. 9. 2S1/2 phase shift of the elastic 
3H4He scattering at low energies. Experimental data from 
Ref. 129 is shown by filled circles and data from Ref. 130 by filled squares. The dashed line 
shows results for the second variant of the S-potential from Table 6. 
 
It should be note that all S scattering phase shifts at zero energy are shown in 
Figs. 9, 10, and 11a beginning from a value of 180°, although in the presence of two 
bound (allowed or forbidden) states in all systems, according to the generalized 
Levinson theorem,119 they should start from 360°. Fig. 11b shows the P phase shifts of 
2H4He scattering at zero energy beginning from 0°, although, in the presence of a 
bound forbidden state with scheme {51}, they should be started from 180°. 
Then intercluster interactions thus matched with scattering phase shifts were 
used for calculation of different characteristics of the ground states of 7Li, 7Be, and 
6Li and electromagnetic processes in these nuclei, and clusters were matched with 
corresponding properties of free nuclei.56,126 The parameters of the potentials of the 
ground states in the P wave for the 3He4He and 3H4He systems, and the S wave for the 
2H4He were determined first of all based on correct description of binding energy.56 In 
the latter case, it is possible to reproduce not only the binding energy, but also to 
correctly reproduce the behavior of the S phase shift of elastic scattering at low 
energies (Fig. 11a). It should be noted that all results were obtained without taking 
into account tensor forces.135 
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Fig. 10. 2S1/2 phase shift of the elastic 
3He4He scattering at low energies. Experimental data from 
Ref. 128 is shown by filled circles and data from Ref. 129 by filled squares. The dashed line 
shows results for the second variant of the S-potential from Table 6. 
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Fig. 11a. 3S1 phase shift of the elastic 
2H4He scattering at low energies. Experimental data from 
Ref. 131 is shown by filled circles, Ref. 132 filled squares, Ref. 133 filled triangles, and Ref. 134 
filled rhombs. 
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Fig. 11b. 3P phase shift of the elastic 2H4He scattering at low energies. Experimental data from 
Ref. 132 is shown by open circles P2, open triangles – P1, and open squares – P0; data from 
Ref. 134: points – P2, triangles – P1, and squares – P0. 
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Fig. 11c. 3D phase shifts of the elastic 2H4He scattering at low energies. Experimental data from 
Ref. 132 is shown by filled squares, Ref. 133 filled triangles, and Ref. 134 filled rhombs. 
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5.2. New variants of potentials 
 
In the framework of this approach, the good agreement of calculations with different 
experimental data was obtained for both electromagnetic processes and the main 
characteristics of bound states of many light nuclei in cluster channels.73,123–126 However, 
for example, the binding energy of 7Li in the 3H4He channel with J = 3/2-, as well as other 
systems, was really determined with an accuracy of several kiloelectronvolts; therefore, 
the accuracy of calculation of the S-factor of the radiative capture even at 10 keV turned 
out to be relatively low. 
Therefore, the main calculated characteristics of bound states for 7Li, 7Be, and 6Li 
nuclei in the 3H4He, 3He4He, and 2H4He channels have been refined in Refs. 136,137. For 
this purpose the parameters of the potentials for bound states have been refined, the 
calculated energy levels completely describe the experimental values.118 In other words, 
the potential parameters were chosen in such a way that experimental energy levels were 
described with maximal possible accuracy. The energies of the bound levels of the 
considered nuclei for the given potentials were calculated using the finite-difference 
method (FDM)138 with an accuracy no worse than 10–6 MeV. New parameters of the 
3Н4Не, 3Не4Не and 2Н4Не BS potentials are given in Table 7. 
 
Table 7. Refined potential parameters of the 3H4He, 3He4He and 2H4He interactions; energy 
levels; and charge radii of 7Li, 7Be and 6Li nuclei calculated with these potentials. The 
parameter  for 3H4He and 3He4He systems is 0.15747 fm–2, and RCoul = 3.095 fm. For 
2H4He scattering, it is assumed that RCoul = 0 fm 
7Li 7Be 
2S+1LJ 
V0 
(MeV) 
Е 
(MeV) 
<r2>1/2 
(fm) 
V0 
(MeV) 
Е 
(MeV) 
<r2>1/2 
(fm) 
2P3/2 -83.616808 -2.467000 2.46 
-83.589554 
(-75.503718 
 = 0.14) 
-1.586600 
2.64 
(2.70) 
2P1/2 -81.708413 -1.990390 2.50 -81.815179 -1.160820 2.69 
6Li 
2S+1LJ 
V0 
(MeV) 
 
(fm-2) 
Е 
(MeV) 
<r2>1/2 
(fm) 
3S1 
-75.8469155 
(-92.07748) 
0.2 
(0.25) 
-1.474300 
2.65 
(2.58) 
 
The slight change of parameters of potentials with respect to results of our previous 
works73,74,123–126 and Table 6 practically does not influence the behavior of the scattering 
phase shifts. However, this change makes it possible to maximally accurately reproduce 
energy levels in cluster channels. The potential widths in Tables 6, 7 were chosen from 
the condition of description of charge radii and asymptotic constants.136,137 Table 7 
presents the results of calculation of the charge radii of considered nuclei in the cluster 
channels. For finding the charge radius of the nucleus, cluster radii given in Ref. 74 were 
used; the values of these radii, together with the energies of the bound states in cluster 
channels and cluster masses, are given in Tables 8. 
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Table 8. Experimental data on charge radii139 and binding energies118 
Nucleus and its binding energy 
in the given channel (MeV) Radius, (fm) 
2H 2.1415(86) 
3H 1.7591(363) 
3He 1.9664(23); 1.9659(30) 
4He 1.6753(28) 
6Li  
E(4Не2Н) = -1.4743 
2.546(3)  
7Li 
E(4Не3Н) = -2.467 (3/2-); -1.99039 (1/2-) 
2.410(8) 
7Ве 
E(4Не3Не) = -1.5866 (3/2-); -1.16082 (1/2-) 
- 
 
For examination of the stability of the “tail” of the wave function of ground and first 
excited bound states at large distances, the dimensionless asymptotic constant (AC) CW 
has been used. We use expression (3) where L(R) is the numerical wave function of the 
bound state obtained from the solution of the radial Schrödinger equation and normalized 
to unity; W-L+1/2 is the Whittaker function of the bound state determining the asymptotic 
behavior of the wave function which is the solution to the same equation without the 
nuclear potential; i.e., at large distances R; k0 is the wave number caused by the channel 
binding energy of systems;  is the Coulomb parameter; and L is the orbital angular 
moment of the bound state. 
As a result, for AC of ground states of 7Be, 7Li, and 6Li nuclei, in the considered 
channels, the following values were obtained: 5.03(1), 3.92(1), and 3.22(1), respectively. 
For the first excited states (FES) of 7Be and 7Li nuclei, in this model the following values 
were found: 4.64(1) and 3.43(1). The error given in brackets is determined by averaging 
the constant for nuclei with A = 7 obtained in calculation on an interval of 6–16 fm and 
for 6Li at an interval of 5–19 fm. 
Let us give small review of these ACs, obtained in other works. The value 2.93(15) 
was obtained from the 2Н4Не scattering elastic phase shifts in Ref. 140. The values from 
2.09 to 3.54 are obtained after recalculation to the dimensionless quantity at k0 = 0.308 fm
-1 
in Ref. 141 for different types of NN and N interactions. At the same work there are 
references to experimental data that after the same recalculation have values from 2.92(25) 
to 2.96(14). The value of 3.04 for dimensionless AC was obtained in the earlier work.142 
We can see from here that the AC of the GS of 6Li usually has the value about three, and 
potential from Table 7 leads to slightly large value. Because for the GS potential of 6Li 
both radius and AC are inflated, we slightly change here potential parameters, having done 
it narrower – these values are given in Table 7 in brackets. It leads to the AC equals 2.93(1) 
at the range of 5–23 fm, and the radius decreased down to 2.58 fm – both these values 
better agree with data from Table 8 and Refs. 140,141.The phase shifts of this potential are 
shown in Fig. 11a by the dashed line, which is in a better agreement with the results of 
phase shifts analysis.134 
The values of the asymptotic constant for the ground state of the 3H4He system in 
7Li equals 3.88(16) and for the FES equals 3.22(15) were obtained in Ref. 143 using 
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recalculation to the dimensionless quantity with k0 = 0.453 fm
-1. The value of 3.74(26) 
was given in Ref. 144 for the GS after recalculation to the dimensionless quantity. The 
value of 5.66(16) that is slightly more than our calculated value, is proposed for the 
ground state of 7Be in the 3Не4Не channel in Ref. 145 on the basis of different 
experimental data after using recalculation to the dimensionless quantity with 
k0 = 0.363 fm
-1. The value 4.66(15) is given for the first excited state, that is in a good 
agreement with the value obtained here. We also slightly change parameters for the 
GS potential of 7Be – these values are given in Table 7 in brackets. The new potential 
leads to the AC equals of 5.57(1) at the range of 6–18 fm, which is in a better 
agreement with results of Refs. 143,144. 
 
5.3. Astrophysical S-factors 
 
Earlier total cross sections of photoprocesses and astrophysical S-factors for the 2H4He, 
3H4He and 3He4He systems were calculated in a cluster model146 similar to that applied 
here and also in the frame of the RGM.147 For interaction potentials with forbidden states, 
the total photodisintegration cross sections in the 2H4He cluster channel of 6Li were 
calculated based on three-body wave functions of the ground state.148 The total cross 
sections of photoprocesses for 6Li and 7Li nuclei in two-cluster models with forbidden 
states were calculated in our works Refs. 73,74,123,126. 
In relation with publication of new experimental data, we consider the astrophysical 
S-factors of radiative capture of 4He(3He, )7Be, 4He(3H, )7Li and 4He(2H, )6Li reactions 
at energies as low as possible in the framework of the potential cluster model73,74,123–126 
with FSs and specified here potentials of the ground states of 7Li, 7Be, and 6Li nuclei 
(Table 7). Only the E1 transitions were taken into account in calculations for 3H4He and 
3He4He systems, since the contributions of E2 and M1 transitions are lower by two to 
three orders of magnitude.74 In these systems only the E1 transitions between the ground 
P3/2 state of 
7Li, 7Be, and S1/2, D3/2, D5/2 scattering states and between the first excited 
bound P1/2 state and S1/2, D3/2 scattering states are possible. 
 
5.3.1. S-factor of the 4He(3H, )7Li capture 
 
The results of calculation of the astrophysical S-factor of radiative capture of 
4He(3H, )7Li reaction at energies down to 10 keV are shown in Fig. 12a by the solid 
line. Experimental data are taken from;149–152 in the first of them the results for energies 
down to 55 keV are presented. Our calculated value of the S-factor at 10 keV is equal to 
106.1 eV b (earlier in Refs. 41,136,137 we have obtained 111.0 eV b) at the value 
extracted from experiment for zero energy was equal to 106.7(4) eV b.149 There are 
other data, which result in the following values at zero energy: 140(20)152 and 100(20) 
eV b.66 Among theoretical calculations, results of cluster model146 can be noted; in this 
model the value of S-factor equals 100 eV b was obtained at zero energy, the value in the 
resonating group method is equal to 98(6) eV b,147 and in recent paper143 S(0) = 97.4(10) 
eV b. 
The difference of our previous value 111 eV b from the present one equals less 
than 5% and dependent from the using in FES and GS the same GS potential. Energies 
of these levels slightly differ from each other and, as we see this now, the results for 
the S-factor as little as by 5%. At the same time, the experimental errors of the S-
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factor at low energy, even in Ref. 149 were they minimal, are equal about to 10%. The 
difference of the results for the S-factor at zero energy range to 40%. In the present 
calculation we used correct FES potential from Table 7 and thereby we specified 
value of the S-factor. 
If only transitions from the S scattering wave to the ground and first excited 
bound P states are taken into account, at 10 keV we obtain the value of 110.8 eV b, 
which practically does not differ from that presented above. The results of S-factor 
calculation in this case are shown in Fig. 12a by the red dashed line. It differs from 
our results, which take into account transitions from D waves, only at energies above 
0.2–0.3 MeV. 
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Fig. 12a. Astrophysical S-factor of the radiative 4He(3H, )7Li capture. Filled circles show 
experimental data Ref. 149, open circles Ref. 150, and filled squares Ref. 152, triangles – 
from data of Ref. 151. Lines show results of calculation with parameters of GS and FES 
potentials from Table 7. 
 
Thus, the results of our calculation of the S-factor of 4He(3H, )7Li radiative capture 
quite well describe experimental data149 at energies below 0.5 MeV. They lead to the S-
factor value at 10 keV, which is in reasonable agreement with extrapolation of this 
experiment to zero energy. It should be noted that our first-ever calculations for this S-
factor resulted in 87 eV b.73,74,123 This difference may be related with the properties of the 
bound state potential used earlier in calculations (see Table 6) that yielded the binding 
energy with accuracy to several keV.74 
 
Furthermore, the rate of the considered reaction is shown in Fig. 12b at the range 
from 0.05 to 5 T9 is expressed by the usual way (22).
66 The capture reaction rate to the 
FES was shown in Fig. 12b by the dotted line, to the GS by the dashed line, and the total 
reaction rate by the solid line, which corresponds to the solid line in Fig. 12a. The total 
reaction rate shown in Fig. 12b can be approximated by the form153 
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which leads to 2 = 0.4 at 1% errors for theoretical curve. Here and then the 
parametrization of the calculated curve consists of 500 points was carried out. 
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Fig. 12b. Reaction rate of the 4He(3H, )7Li capture at the energy range from 0.05 to 5 T9. 
 
5.3.2. S-factor of the 4He(3He, )7Be capture 
 
The results of calculation of the astrophysical S-factor of the radiative 
4He(3He, )7Be capture at energies down to 20 keV are shown in Fig. 13a by a solid 
line. Experimental data has been taken from Refs. 154–160. The calculated curve at 
energy below 200 keV best agrees with results155,156 obtained recently, and partially 
with data158 at energies below 0.5 MeV. For energy of 20 keV, our calculation yields 
an S-factor of 0.560 keV b, and for 23 keV it was equal to 0.552. Earlier in our 
works41,Ошибка! Закладка не определена.,136,137 for this value was obtained 0.593 keV b, i.e., 6% 
more, because for the GS and the FES one and the same GS potential was used. This 
is not essentially, because S-factor errors in the measured earlier energy range from 90 
keV and higher are equal to 10–20%, and data at lower energies are absent. Now, 
when the new data at low energy160 has appeared, we specified the S-factor value 
using for this the FES potential from Table 7.  
For comparison we present some results of extrapolation of experimental data to 
zero energy: 0.54(9) keV b,66 0.550(12) keV b,161 0.595(18) keV b,154 0.560(17) keV b,155 
0.550(17) keV b,156 and 0.567(18) keV b.162 Recently, it was obtained, in Ref. 145 based 
on analysis of different experimental data, that S(0) = 0.610(37) keV b and 
S(23 keV) = 0.599(36) keV b, which well agrees with the value found here. The latest 
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measurements of the S-factor at energy 







5
6
23  keV Ref. 160 lead to the value 0.548(54) 
keV b, which absolutely agrees with our results obtained in Ref. 136 and specified 
here. As one can see in Fig. 13a the results of our calculations at this energy lay in the 
range of experimental errors of Ref. 160. Let us notice that our calculations of this S-
factor were done in work Ref. 136 in 2010 and became a part of review Ref. 137, but new 
data160 were published in 2015. Intrinsically, theoretical results of Ref. 136 predict 
behavior of the S-factor at lowest energies. 
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Fig. 13a. Astrophysical S-factor of the radiative 4He(3He, )7Be capture. Filled circles show 
experimental data Ref. 154, filled squares Ref. 155, open circles Ref. 156, open squares Ref. 157, 
and filled triangles Ref. 158, open rhombs Ref. 159, crosses Ref. 160. Lines show results of 
calculation with parameters of the GS and FES potentials from Table 7. 
 
If only transitions from S scattering waves to the ground and first excited bound 
states are considered, then at 20 keV we obtain value 0.552 keV b (earlier in 
Refs. 41,136,137 value 0.587 keV b was obtained), which slightly differs from the above 
value of 0.560 keV b. The calculated S-factor for this case is shown in Fig. 13a by the 
dashed line, which at low energies slightly differs from the previous results obtained 
taking into account transitions from the D waves. Note that our original calculations of 
the 3H4He S-factor leaded to its value of 0.47 keV b.73,74,123 The difference of this value 
from the new resultsОшибка! Закладка не определена.,136,137 can also be connected with the 
imperfection of the ground state potential used in works.73,74,123 
Using the second variants of the GS potentials and S-scattering elastic waves 
from Table 7 and Table 6, given in brackets, then results for the S-factor are shown in 
Fig. 13a by the red dot-dot-dashed line. The summarized results are shown by the blue 
dotted line, which lies notably above the available experimental data at lowest 
energies 23 keV. However, these results better agree with available experimental data 
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lying in their error band at energies from 90 keV to 1.5 MeV. It can be seen from here 
that just the results for the first variant of the GS potential from Table 7, which 
slightly understate the AC value, have the better agreement with new experimental 
data from Ref. 160. 
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Fig. 13b. Reaction rate of the 4He(3He, )7Be capture at the energy range from 0.05 to 5 T9. 
 
Furthermore, the reaction rates are shown in Fig. 13b at the energy range 0.05 to 5 
T9. The capture reaction rate to the FES was shown by the dotted line, to the GS by the 
dashed line, and the total reaction rate by the solid line, which corresponds to the solid 
line in Fig. 13a. The reaction rates from Ref. 160 – red dot-dashed line and from Ref. 159 
– blue dot-dot-dashed are shown for comparison. The total reaction rate in Fig. 13b can 
be approximate by the form 
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which leads to 2 = 0.9 at 1% errors of theoretical curve. 
 
5.3.3. S-factor of the 4He(2H, )6Li capture 
 
The E1 transitions from the 3Р-scattering waves to the 3S1-ground state of 
6Li and E2 
transitions from the 3D -scattering waves to the GS are possible for the radiative capture 
in 2He4He channel of 6Li. The main contribution to the E2 transition at low energies gives 
the 3D3-wave, having the resonance at 0.71 MeV, and the E1 transition is strongly 
suppressed due to the cluster factor.74,137 Therefore, the cross section of the radiative 
capture process, generally, depends on the E2 transition. But, as it was shown earlier,74 at 
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the lowest energies, about 50–150 keV, the contribution of the E1 transition becomes 
dominant.  
The results of the S-factor calculation for the 4He(2He, )6Li capture more than 5 keV 
with first variant of the GS potential are shown in Fig. 14a by the solid line. The 
contribution of the E1 transition, which conditioned by the difference of particle masses 
from integer numbers, is shown by the dashed line. Experimental data is taken from 
Refs. 163–168. As it is seen from Fig. 14a, the calculation results are in better agreement 
with data163,167 at lowest energies. In the range of 5–10 keV for the total calculated S-factor 
determined by the E1 and E2 transitions, the value of 1.67(1) eV mb was obtained. The 
contribution of the E1 transition in this energy region is defining and comes to 1.39(1) 
eV mb.136,137 The mentioned errors of the S-factor are determined by averaging over this 
energy interval. Note that our previous calculations of the S-factor of the radiative 
4He(2He, )6Li capture led to the value 1.5 eV mb.73,74,123,126 This difference from the 
obtained here value 1.67(1) eV mb is also caused by the approximate character of the used 
earlier potential of the bound state, which was able to obtain the binding energy only with 
an accuracy only down to few keV.74 
The presented above results for S-factor were obtained by us in Ref. 136 and later 
get into Refs. 41,137. They were obtained in assumption that contributions of all 
transitions for E1 process can be calculated only with potential of the 3P2 scattering state, 
which gives the maximal influence to the S-factor value. Now we correctly take into 
account transitions from all 3P scattering states and for the S-factor at 5–10 keV obtaining 
the value 1.64(1) eVmb, which differs from the previous less than 2%. The contribution 
of the E1 process in the range from 5 to 20 keV now equals 1.37(2) eVmb. Because in 
figures it is impossible reflect such changes of the S-factor, in Fig. 14a the results for the 
last variant of calculation with correct accounting of all 3P waves were shown. 
Now let us consider the second variant of the GS potential given in Table 7 in 
brackets, which leads to the dimensionless AC equals 2.93(1). The calculation results of 
the total S-factor are shown in Fig. 14a by the red dotted line and for the E1 transition by 
the blue dot-dashed line. At the lowest energies 5–10 keV, the value of the total S-factor 
equals 1.36(1) eVmb, and for the E1 transition equals 1.12(1) eVmb. 
Note that the results of extrapolation of experimental data given in, for example, 
work Ref. 66 at 10 keV yield 1.6(1) eV mb, which well agrees with the value that we 
obtained first. However, the following value was obtained in theoretical calculations of 
Ref. 141 for the S-factor at zero energy: 1.2(1) eV mb, which corresponds to an 
asymptotic constant of 3.06, and the constant extracted from experimental data140,167 is 
equal to 2.96(14). The second variant of the GS potential, shown in Table 7 in brackets, 
is better corresponded to this value. The value 1.60(17) eV mb was obtained in the latest 
work for extracting S-factor at the zero energy from the experimental data,169 which in a 
good agreement with our first result. 
The reaction rates are shown in Fig. 14b at the energy range 0.05 to 5 T9. The 
solid line shows the reaction rate with the first variant of the GS potential from Table 
7. The dashed line shows the rate with the second variant of the potential from Table 7 
with depth of 92 MeV. Besides, the results of Ref. 170 are shown by the red dot-
dashed line and the result of analysis107 by the blue dotted line. The total reaction rate 
for the potential of the depth 75 MeV shown in the Fig. 14b can be approximated by 
the form 
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Fig. 14a. Astrophysical S-factor of the radiative 4He(2He, )6Li capture. Filled squares 
show experimental data Ref. 163, crosses Ref. 165, open circles Ref. 166, triangles – 
Refs. 163,167, open squares Ref. 168, and points – Ref. 153. The dashed line shows the 
contribution of E1 process for transition to the ground state from the P scattering waves. 
The solid line shows the total S(Е1+Е2)-factor. 
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Fig. 14b. Reaction rate of the 4He(2He, )6Li capture at the energy range from 0.05 to 5 T9. 
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which leads to 2 = 0.08 at 1% errors of theoretical curve. The total reaction rate for the 
potential of the depth 92 MeV shown in the Fig. 14b can be approximated by the form 
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with the same 2. 
 
6. Conclusions 
 
6.1. 3H(p,)4He reaction 
 
6.1.1. Nuclear physics 
 
Thereby, in the framework of considered modified potential cluster model based on the 
intercluster potentials describing elastic scattering phase shifts and characteristics of the 
binding state with the potential parameters suggested about 20 years ago,101 on the basis 
of only the E1 transition we succeeded in description of the general behavior of the S-
factor of the proton capture on 3H at energies from 50 to 700 keV. Really, on the basis of 
analysis of the experimental data above 700 keV102 about 20 years ago we have done 
calculations of the S-factor for energies down to 10 keV.101 As we can see it now, the 
results of these calculations reproduce well new data on the S-factor, obtained in Ref. 9 
(points in Fig. 2) at energies in the range 50 keV to 5 MeV. 
However the available experimental data on the S-factor at 50 keV and below have a 
low accuracy and significant ambiguity, as it seen from Fig. 2. To avoid these ambiguities, 
there is a need for new additional and independent measurements of the S-factor in the 
energy range from about 5–10 to 30–50 keV with minimal errors. No new experimental data 
in this energy range has been forthcoming for more than 10 years.10 Reliable measurements 
of S-factor at energies of 50 keV–5.0 MeV were made more than 20 years ago.9 Evidently, 
modern measurement techniques could reduce error values and obtain more reliable data, 
especially at the lowest energies. This, in turn, will eliminate the existing ambiguities in 
determining the reaction rate. 
 
6.1.2 Nuclear astrophysics 
 
The magnitude of the 3Н(р, γ)4He capture reaction rate calculated in this paper at 
temperatures from 0.01 T9 up to 5 T9 leads to the conclusion that this reaction will not 
make some contribution to the formation of 4He nuclei in the primordial nucleosynthesis 
of elements in the Universe. But the results obtained for the reaction rate using a simple 
numerical approximation could be of use in determining the yield of 4He in this reaction 
and thus help to estimate the abundance of helium nuclei formed in the primordial 
nucleosynthesis of the Universe.  
At the same time the available errors of measurements of the astrophysical S-
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factor10 may significantly affect the value of the reaction rate of the radiative proton 
capture on 3H leading to ambiguities in calculations of 4He yield and, ultimately, affect 
the results obtained for its abundance. 
 
6.2. 3He(2H,)5Li reaction 
 
These comparatively simple model representations succeeded in obtaining theoretical 
results in general agreement with the available experimental data for the S -factor, except 
for the first three points at 185–235 keV and at energies higher than 600–800 keV. 
The minimum value 14.5(2.8) b  of the experimental cross section is close to 1 
MeV,31 and the calculated value is 11.5 b . We can identify no reasonable explanation 
for this discrepancy between theory and experiment as yet. Although the 12 transitions 
listed in Table 5 were taken into account, we did not consider any other features of this 
process. 
For example, the small admixture of the 4F3/2 component compared with the 
dominant 4P3/2 in GS of 
5Li may have an input into the total cross section. We postulate 
that this may increase the total cross-sectional value, particularly at higher energies. 
Another option for improving the agreement of the obtained results with experiment 
is the inclusion of a small admixture of the N  component in the d  cluster channel 
wave function of 5Li, which may affect the asymptotics of the radial function, and as a 
consequence should redistribute the space probability density in the nuclear interior. The 
same superposition of various cluster components is used in RGM.64,65  
The result may be important in practical terms with regard to the obtained 
approximation of the experimental S-factor with energy constant 0.39 keV b and mean 
2 = 0.21 at 19% experimental error bars below 300 keV. Another approximation 
using the square form (27) was found at energies below 250 keV; this gives 2 = 0.17 
with 1% calculation errors. Within an energy range of between 185 keV and 1.4 MeV, 
a fit using a Breit-Wigner resonance-type formula led to 2 = 0.11 with 19% 
experimental error bars. The same formula applied to the approximation of the 
theoretical curve in the energy interval 20 keV to 1.5 MeV gave 2 = 14.5 with a 1% 
calculation error. 
For the reaction rate v  we suggest parametrization (28) for temperatures between 
0.03 and 3 Т9, and would recommend this for the solution of several applied problems in 
current astrophysical and fusion research. 
Finally, it should be noted that we are aware of only one measurement of the total 
cross section of this capture reaction, as presented in Ref. 31; this was performed in the 
late 1960s, that is, about 50 years ago, and may be subject to change. A firm conclusion 
would therefore require more precise measurements of this reaction, using modern 
methods and obtained irrespective of previous data. We hope that the results presented 
here may act as a guide for future experimental proposals. 
 
6.3. 4He(3He, )7Be, 4He(3H, )7Li and 4He(2H, )6Li capture reactions 
 
6.3.1. Nuclear physics 
 
Thus, specified calculation variants of the S-factor, when the required potentials are used 
for all partial waves, better agree with the available earlier and new experimental data. 
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Results for the 4He(2H, )6Li capture with the second GS potential, evidently, better 
coincide with new data.168 However, the experimental errors are so high that it is 
impossible to unambiguously prefer one of the GS potentials. As concerns the 
4He(3He, )7Be capture, so the calculation results that was done by us in 2010 Ref. 136 
and specified by 6% in this work, agree within limits of errors with new measurements 
from Ref. 160 at energy 23 keV. 
 
6.3.2 Nuclear astrophysics 
 
The slightly refined variants of calculations for the astrophysical S-factor of the 
3Не(4Не,)7Bе reaction are in better agreement with the data available earlier and the latest 
experimental data. The new lowest measured point 65(23 keV)=0.548 0, 054 keV bS

    
(Takács et al., 2015 Ref. 159) is just on the theoretical curve calculated earlier by us for 
S(E). So, the predictive reliability of the developing cluster model approach was 
demonstrated. The new parametrization for the reaction rate is obtained and may be 
recommended for the astrophysical evaluation of the 7Be production. Also we ought to note 
that at the beginning of this year the astrophysical S-factor of the 3Не(4Не,)7Bе reaction 
was published in Ref. 171, but the reaction rate and its parametrization were not calculated. 
We would like to note that a preliminary version of the present results Ref. 172 has 
already found successful application; in particular, the reaction rate analytical 
parametrization was used in the latest calculations on the solution of the primordial 
lithium abundance problem of BBN Ref. 173. 
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